The use of electrically conductive polymer composites (ECPCs) with new properties is enhancing considerably the functional scope of engineering, instruments, and equipment. In ref. 1 it was shown that polymer composites with electrically conductive fillers can be used as current-limiting elements. In refs. 2 and 3, the possibility of developing new composites that provide new non-mechanical means of rapidly lowering the shortcircuit current was shown. Particularly effective are electrical materials with a positive temperature coefficient of resistance (+TCR), ensuring the effect of self-regulation of the heating temperature in electric heaters (ref. 4), which can guarantee a high demand for such materials in industry. The effect of selfregulation consists in a sharp increase in electrical resistivity on reaching the so-called temperatures of self-regulation, the value of which is below the permissible temperatures of heating of the binder, and is a reversible process.
Influence of mechanical strain on the electrical conductivity of carbon-containing composites
The use of electrically conductive polymer composites (ECPCs) with new properties is enhancing considerably the functional scope of engineering, instruments, and equipment. In ref. 1 it was shown that polymer composites with electrically conductive fillers can be used as current-limiting elements. In refs. 2 and 3, the possibility of developing new composites that provide new non-mechanical means of rapidly lowering the shortcircuit current was shown. Particularly effective are electrical materials with a positive temperature coefficient of resistance (+TCR), ensuring the effect of self-regulation of the heating temperature in electric heaters (ref. 4) , which can guarantee a high demand for such materials in industry. The effect of selfregulation consists in a sharp increase in electrical resistivity on reaching the so-called temperatures of self-regulation, the value of which is below the permissible temperatures of heating of the binder, and is a reversible process.
The production of materials of this kind with prescribed electrical parameters is impossible without knowledge of the mechanism of electrical conduction. An analysis of the mechanism of electrical conduction and the process and nature of structure formation of the composite make it possible to optimise its composition and production technology.
In ref. 4 it was shown that the production of self-regulated composites with a positive TCR is possible by using polytetrafluoroethylene (PTFE) filled with finely dispersed coke. At the same time, filling of PTFE with ultradispersed graphite leads to a reduction in the value of TCR by more than an order of magnitude and, consequently, to loss of the selfregulation effect.
The authors are in the Institute of Non-metallic Materials of the Siberian Division of the Russian Academy of Sciences, Sakha Republic (Yakutiya) On the basis of the results of experimental investigations and known ideas concerning the mechanism of structure formation of finely filled materials (ref. 5), it was assumed that, when PTFE is filled with electrically conductive fillers (with KL-1 coke and S1(00) graphite), a three-dimensional network of particles of the conductive filler is formed; electrical conductivity of the composite is achieved through direct contacts of the filler particles taking part in the formation of the three-dimensional network. The mechanism of electrical conduction is explained from the position of the theory of electrical contact as 'the resistance of current constriction' at the points of contact between the filler particles. The basis for such a conclusion was the linear volt-ampere characteristic, i.e. compliance with Ohm's law (ref. 4) .
The appearance of a high positive TCR, i.e. a sharp increase in the resistance with increase in temperature, is due to thermal expansion of the matrix. Thermal expansion of the matrix leads to a reduction in the area of the contact spot and consequently to an increase in the contact resistance between the filler particles up to loss of conductivity.
Thus, loss of conductivity during heating is due to an increase in the distance between the contacting filler particles taking part in conduction on thermal expansion of the binder. The increase in distance, in turn, leads to a reduction in the contact spot until its disappearance, i.e. to a sharp increase in contact resistance. The recovery of conductivity when the conductive composite cools down is due to thermal contraction of the polymer.
In analysis of the mechanism of electrical conduction it is necessary to distinguish 'contact' conductivity, where the charge carriers are concentrated in filler particles and charge transfer is possible only on direct contact of the particles.
The other case of conductivity is the transfer of charge carriers through dielectric interlayers, where charge carriers move by each of the phases and through the boundary between phases (ref. 6 ). Both types of conductivity are limiting cases; a combination of the two types of conductivity generally occurs in practice.
It is known that the passage of electric current is possible not only with direct contact of two conductors but also when there is a dielectric interlayer between them, and, depending on the size of the interlayer, the voltage applied, and temperature, different mechanisms of electron breakthrough of the potential barrier, e.g. the tunnel effect, are possible. Increase in resistance with increase in temperature is possible not only through 'cleavage' of particles as a result of thermal strain, but also through the temperature itself, as a thermodynamic parameter. To clarify the degree of influence of each of the mechanisms it is necessary to conduct a wide range of fine electrophysical investigations, but for practical purposes it is sufficient to determine the predominant role of one of the mechanisms.
The physicomechanical and electrophysical investigations of carbon-containing composites based on polytetrafluoroethylene that were presented in ref. 4 indicate that total conductivity of the composite is achieved through the formation of direct contacts of the filler particles forming a threedimensional conductive network in the body of the polymer. Dilatometric investigations give grounds for assuming that the main contribution to change in electrical resistance under the action of temperature is made by thermal expansion of the polymer binder.
To ensure reversible transitions of self-regulating ECPCs based on PTFE from the conductive state to the non-conductive state under the action of thermal expansion of the matrix, it is necessary for the filler particle chains (infinite clusters) forming the three-dimensional conductive network to break down into individual clusters when they are heated, and to join up again when they cool down. The reversibility of such a process can be ensured by changing the contact resistance at the points of contacts between the filler particles; during heating, the area of contact decreases, and the contact resistance increases sharply; during cooling, the area of contact increases, and the contact resistance decreases sharply.
From the ideas proposed above concerning the appearance of a positive TCR it follows that, for rupture of the cells of the three-dimensional network of particles of conductive filler and loss of conductivity, thermal expansion of the polymer can be replaced with external force deformation of the composite. To eliminate the influence of temperature as a thermodynamic parameter, it is necessary in the ideal case to ensure volume strain of the specimen without changing the temperature, but volume deformation is technically a fairly complex experiment, and therefore at the initial stage it was suggested that the effect of uniaxial elongation on the electrical conductivity of PTFEcoke and PTFE-graphite systems be investigated.
Type 2 dumb-bell testpieces were used as specimens. The investigation was carried out on coke-containing composites based on PTFE with 35 and 45 vol.% coke (FK35 and FK45), which possess the highest value of positive TCR, and on graphite-containing composites with 3 and 5 vol.% graphite (FG3 and FG5), the TCR of which is an order of magnitude lower than that of coke-containing composites. Elastic deformation of specimens was carried out on a tensile testing machine at a rate of 0.5 mm/min. The electrical resistance was measured by potential electrodes with a moving base, which made it possible to level out the influence of the contact resistance at the points of clamping of the specimens. Experiments were carried out in the region of elastic strains, and the results are given in Figs. 1 and 2. Figure 1 gives curves of the dependence of the electrical resistivity of the FK and FG composites on temperature (thermal strain) and on relative strain (mechanical strain). As can be seen from the given figures, change in the electrical resistivity of composites under the action of uniaxial elongation in the region of elastic strains (mechanical strain) is similar to the nature of change in electrical resistivity under the action of temperature (thermal strain). For FK composites possessing the self-regulation effect, both during heating and during mechanical elongation, the change in resistivity is non-linear in nature -when certain values of temperature or strains are reached, there is a sharp loss of conductivity. For FG composites, no sharp change in conductivity is observed, which is explained well by the layered structure and the small magnitudes of the bond between the graphite layers, which leads to mutual slip of one layer in relation to another under the action of small shear forces.
Investigations of FG composites showed that changes in electrical resistivity again are not dependent on the kind of strain: the temperature dependences of electrical resistivity and the dependences of electrical resistivity on uniaxial elongation are linear in nature (Fig. 2) .
Uniaxial elongation naturally does not provide a complete analogy with thermal strain, but nevertheless the conducted investigations made it possible to give a qualitative estimation of the process studied, namely the role of thermal expansion as a decisive factor for creating composites with a positive temperature coefficient of resistance ensuring the effect of selfregulation of the heating temperature.
On the basis of the experiments carried out it can be claimed that the main contribution to change in resistivity is made by change in the contact resistance between the particles on account of volume strain, irrespective of the way in which it is achieved -mechanical or thermal. The results of investigations confirm the earlier assumption that the sharp increase in the electrical resistivity of coke-containing composites based on PTFE under the action of temperature is due to thermal strain with expansion of the binder.
CONCLUSIONS
It has been shown that the main contribution to the change in resistivity is made by the change in the contact resistance between the particles on account of volume strain, irrespective of the way in which it is achieved -mechanical or thermal.
The sharp increase in resistivity under the action of temperature of electrically conductive composites based on PTFE with a positive temperature coefficient of resistance is due primarily to thermal expansion of the binder.
